Objective: To determine the ability of MR imaging to detect the pathological changes occurring in radiofrequency (RF) thermal lesions and to assess its accuracy in revealing the extent of tissue necrosis.
mage-guided, percutaneous ablative therapies using thermal energy sources such as radiofrequency (RF) (1 3), microwave (4) and laser (5) are rapidly evolving as minimally invasive techniques for the treatment of primary and metastatic hepatic tumors. The potential benefits of these techniques over conventional surgical options include tumor ablation in nonsurgical candidates, reduced morbidity compared with surgery, and use of the procedure on an outpatient basis (6) . Preliminary clinical reports have demonstrated that hepatic RF ablation produces effective local disease control in a significant proportion of patients with nonresectable liver tumors (7 9) . However, according to even the most optimistic longterm report of percutaneous RF thermal therapy in colorectal metastases, local tumors recurred in 35% of cases (10) . In addition, recent studies have shown that a significant proportion of patients with hepatocellular carcinomas greater than 3 5 cm in diameter experienced local recurrence after the use of current thermal ablation strategies (11 12) .
When lesions appear to have been successfully treated, it is very important to detect any areas of untreated or local tumor recurrence at an early stage: failure to identify a small residual or recurrent tumor leads to peripheral regrowth. Although contrast-enhanced CT is probably the most widely used technique for the follow-up of treated lesions (3, 11, 13) , a difficulty often arises with small recurrent or residual tumors. A few recent reports have addressed the use of follow-up MR imaging after RFA application (14, 15) . High sensitivity to tissue water distribution and temperature as well as high soft-tissue contrast make MR imaging the most attractive imaging tool for the assessment of RFA-induced thermal tissue damage. There has, however, been a lack of detailed MR imaging-histopathologic correlations (14, 15) .
The purpose of this investigation was to evaluate the potential of MR imaging in revealing the extent of true tissue necrosis and to determine the dynamics of thermal injury in an acute and chronic animal model using MR imaginghistopathologic correlation.
MATERIALS AND METHODS
Eighteen New Zealand White rabbits (male, 2.5 3 kg) were anesthetized by intramuscular injection of 50 mg/kg ketamine hydrochloride (Ketamine; Yuhan, Seoul, Korea) and 5 mg/kg of xylazine (Rompun; Bayer Korea, Ansan, Korea). After adequate anesthesia was achieved, the epigastrium and back were shaved and sterilized, and a wire mesh ground pad and conductive gel were placed on the animal's back. An internally cooled, 18-gauge electrode (Radionics, Burlington, Mass., U.S.A.) with a 1 2 cm active tip was inserted into the liver of each animal under ultrasound guidance (Sequoia; Acuson, Mountain View, Cal., U.S.A.) using a 10-MHz probe.
Lesions were created using a 500-kHz RF generator (series CC-3; Radionics, Burlington, Mass., U.S.A.) capable of producing 200W of power. During the procedure, a thermocouple embedded within the electrode tip continuously measured local tissue temperature. Tissue impedance was monitored by circuitry incorporated into the generator. A peristaltic pump (Watson-Marlow, Medford, Mass., U.S.A.) was used to infuse normal saline solution at 0 C into the lumen of the electrodes at a rate sufficient to maintain a tip temperature of 20 25 C. Power output was set at 30 W and RF energy was applied for approximately 3 minutes, or until lesions of approximately 1 2 cm were produced.
MR imaging was performed with a 1.5-T instrument (Vision; Siemens Medical Systems, Erlangen, Germany) within 2 hours of RF ablation (day 1), on day 3, and at 1, 2, 4, and 7 weeks. Transverse conventional spin-echo and gradient-echo T1-weighted (T1WI) and turbo spin-echo T2- Six rabbits were killed on the day after the procedure, and two on day 3 and at 1, 2, 4, and 7 weeks. On day three and four, two animals died of peritonitis due to delayed perforation of the stomach by accidental ablation. Other animals were killed using a barbiturate overdose technique and their livers were harvested prior to gross examination. A central cross-sectional incision was made through the affected area, and a 5-mm parallel section was obtained from the lesion. For macroscopic pathologic analysis, the central discolored region of coagulation necrosis was measured with calipers in each pathologic specimen. Measurements of the diameter of coagulation perpendicular to the electrode axis were based upon the consensus of two observers. Tissues were then fixed in 10% phosphate-buffered formalin for routine histologic processing; specimens from all treatment areas were analyzed for nonviability, histologic appearance, and demarcation from surrounding viable tissue. Lesion size at MRI was determined by caliper measurement from printed images before and after administration of the contrast agent by the other examiner, who was blinded to the results of measurement of the gross specimen. Lesion size was measured twice, at pathologic examination and at MRI, and an average was then computed.
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Korean J Radiol 2(3), September 2001 A. T2-weighted image shows a central hypointense area with a peripheral hyperintense rim (arrows). B. Cut surface of the gross specimen demonstrates a discolored ablated area surrounded by a thin fibrotic layer (arrows). C. Microscopic examination reveals definitive change in the extent of coagulative necrosis (N) in the ablated lesions, with peripheral hemorrhagic congestion and mild fibrotic change at the periphery (arrows).
A C B
The size of the hyperintense core seen at T1WI, the hypointense core at T2WI and the nonenhancing lesion at contrast-enhanced T1WI (CE-T1WI) was correlated with the lesion size determined at pathologic examination, and then analyzed using Pearson's correlation coefficient, which was used to describe the degree of correlation between all possible two-variable comparisons. Statistical significance was established using Student's two-tailed t test.
RESULTS
RF ablation created 18 lesions, but since two rabbits died of peritonitis, MR imaging-histopathologic correlation was possible in only 16 of these. Acute-phase MRI of ablated lesions revealed three zones ( Fig. 1) : (a) zone 1, a central zone showing high-SI at T2WI and low SI at T1WI, and corresponding to the area of tissue loss revealed by histopathologic examination; (b) zone 2, a broad zone showing low SI at T2WI and high SI at T1WI, with lack of enhancement at contrast enhanced (CE)-T1WI and corresponding to the coagulative necrosis seen at histopathologic examination; (c) zone 3, in which hyperintensity was demonstrated by T2-weighted imaging, and isointensity by T1-weighted. In addition, a peripheral enhancing rim-corresponding to hemorrhagic rim macroscopically, and histopathologically to an area of sinusoidal congestion-was seen at CE-T1WI to surround the central nonenhancing area. In the acute phase, MR appearances and gross findings of the lesions were similar to those of the hyperacute phase.
Fig. 3. MR and pathologic findings two weeks after RF ablation.
A. Contrast-enhanced T1-weighted image depicts a well-demarcated hypointense lesion surrounded by a thick enhancing rim (arrows). B. Cut surface of the gross specimen shows a well demarcated, wedge-shaped, pale area with fibrotic capsule formation (arrows). In the subacute phase, MR imaging of the lesions revealed three concentric zones (Figs. 2, 3 ): (a) zone 1, in which no substantial change was observed, compared with the acute phase; (b) zone 2, in which a broad hypointense zone, corresponding to coagulative necrosis, was seen at T2WI. At T1WI, however, the inner portion became isointense but the outer portion was still hyperintense. Histopathologically, zone 2 contained completely coagulated tissue with no viable cells, and at T1WI, there was no histopathologic difference between the isointense inner portion and the hyperintense outer portion; (c) zone 3, in which a well-defined peripheral hyperintense rim was observed at T2WI, and hypointensity at T1WI. Enhancement corresponding to inflammatory infiltration and fibrovascular restoration was demonstrated by CE-T1WI. In the restoration zone, infiltration by neutrophils and lymphocytes was seen at 1 week, and there was subsequent infiltration by macrophages.
C. Microscopic examination reveals central coagulative necrosis (N), with a thick rim of peripheral fibrotic capsule (F) infiltrated by chronic inflammatory cells (hematoxylin-eosin stain; original magnification 20).

A C B
In the chronic phase, MR imaging patterns were similar to those of the subacute phase, but the lesions were smaller (Fig. 4) . In this phase, zone 3 (thick peripheral rim) was seen at CE-T1WI to be thicker than in the subacute phase. The diameter of zone 2 (coagulation necrosis) decreased gradually during the chronic phase. Gross examination showed that lesion diameter, corresponding to the central discolored region, ranged from 10 to 28 (mean, 21) mm and the thickness of the peripheral rim was 1-2 mm. At T2WI, the diameter of thermal lesions, determined in their central hypointense zone, was 10-28 (mean, 18.6) mm. At T1WI, lesion diameter, measured in the central hyperintense zone, was 9-27(mean, 19) mm, while at CE-T1WI, the diameter, corresponding to the central hypointense nonenhancing zone, was 11-29 (mean, 22) mm. The maximum difference between lesion size on MR images and macroscopic coagulation necrosis was 3 mm. Correlation between the diameter of coagulation necrosis and lesion size at MRI was strong, with the correlation coefficient ranging from 0.74 in the case of T1WI and 0.85 
DISCUSSION
Imaging-guided percutaneous tumor ablation using RF energy has been accepted as a minimally invasive strategy for the treatment of focal malignant liver disease (1 3, 6 10). Diagnostic imaging is used not only to guide probe placement but also to monitor the effect of therapy. Although ultrasonography is the predominant imaging technique used for guiding the RF ablation of liver tumors, the accuracy of ultrasonography in depicting the extent of ablated tissue is controversial. Most investigators have relied on contrast-enhanced CT for this purpose (11 13,16 21) , though the normal CT appearance of lesions on day 1-7 after RF ablation is that of a low-attenuating lesion, and rim enhancement may be observed (7 13) . This appearance may be similar to that of hepatic tumors, and early detection of residual tumor at the RF ablation site is therefore difficult. Rossi et al. recently reported that MR imaging is useful for evaluating the effectiveness of RF therapy (14) . Assessment of the adequacy of this treatment requires, however, an understanding of both the sequential changes seen at MRI and the histologic findings of ablated lesions.
In our study, which attempted to evaluate sequential MR imaging of the thermal injuries caused by RF energy and to correlate MR imaging findings with the pathologic findings, MR images clearly demonstrated created lesions in the acute model and sequential changes in tissue response to RF ablation in the subacute and chronic models. Also, images closely approximated to gross pathologic size. In the hyperacute and acute phases, an ablated lesion showed significantly increased SI on T1-weighted images. The hyperintensity observed after RF ablation may be attributed to a number of factors, including mild desiccation, the effect of protein denaturation, and cellular lysis (22, 23) . In specimens obtained at 3-7 days, histopathologic examination demonstrated the classic manifestations of coagulative necrosis throughout a majority of the treated zone, but these findings were not present in specimens obtained immediately after ablation. These differences between MR imaging and histopathologic findings in the hyperacute phase concur with those of previous reports that described the progression of ultrasonographic findings during and after percutaneous RF ablation (8, 24) . MR imaging therefore has the potential to depict acute, irreversible thermal damage even before morphologic change is seen at the standard pathologic examination.
The marginal area of a lesion was seen as hypointense to isointense at T1WI, with hyperintensity at T2WI. Darkazanili et al. (23) reported that the peripheral high SI seen at T2WI reflected changes in the bound water fraction. In our study, macroscopic examination of this marginal area showed a hemorrhagic rim with degenerated hepatocytes, sinusoidal congestion, and an accumulation of red blood cells. This zone may, therefore, correspond to a transition zone from inner coagulative necrosis to outer normal hepatic tissue. This result is consistent with those of previous reports showing that the inner part of the hemorrhagic rim represented coagulative necrosis, and the outer part corresponded to fibrovascular rim (24, 25) .
In the subacute and chronic phases, SI in previously hyperintense areas became isointense at T1WI at least one week later, though T2WI revealed no change in SI. Histopathologic examination of this area revealed necrotic and fibrotic changes which decreased in volume and might have reduced the amount of free water, thus decreasing the SI. One week later a fibrotic zone had formed around the lesion, and the fibrous capsules were thicker in the chronic model than in the subacute model. This fibrous capsule formation is a restoration mechanism occurring after ablation; extensive biologic assays showed that increased collagen production and increased collagenolytic activity occurred seven days after thermal irradiation and had decreased by day 60 (26) .
In the clinical setting, MR imaging of hyperacute and acute ablated lesions may be helpful in making the therapeutic decision as to whether additional RF ablation is necessary, or in determining how much tumor volume remains. In considering the clinical aspects of RF ablation, our results suggest that the low-SI zone seen at T2WI, or the high-SI zone at T1WI, must be larger than the tumor margin if complete necrosis is to be achieved. The SI change in ablated tissue is distinct from the SI pattern usually found in primary hepatocellular carcinoma or metastatic liver tumors.
Our study suffered from certain limitations. First, potential differences between rabbit liver and human liver might affect the ultrasonographic and CT appearances of RF-ablated lesions. Second, the results obtained in healthy rabbit livers might be different to those obtained in cases of hepatocellular carcinoma and metastasis in human liver. In view of the nature of cell degeneration caused by the effect of heat on tissue, we believe, however, that the same results might be seen in both normal hepatocytes and cancer cells. In fact, all MR images of hepatocellular carcinomas showed the same SI changes after RF ablation (14) . Although every attempt was made to ensure the validity of size correlation between the MR imaging and pathologic findings, absolute precision was not possible because of the difficulty in obtaining pathologic sections corresponding to the scanning planes of MR imaging.
In conclusion, MR imaging effectively demonstrates the histopathological tissue change occurring after thermal ablation, and accurately determines the extent of the target area.
